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ABSTRACT 

Ian Randolph Jacobs: HIV-1 Tat1-86 induced effects on extinction and relapse in fear 
conditioning learning  

(Under the direction of Sylvia Fitting) 

 HIV-1 Associated Neurocognitive Disorder (HAND) is a neurodegenerative 

condition affecting roughly 30-50% of HIV-1 infected individuals.  Symptoms include a 

wide range of cognitive impairments, but this series of experiments focuses on deficits in 

learning and memory.  Specifically, these experiments investigate behavioral deficits in 

associative learning using fear conditioning methodology.  The transactivator of 

transcription (Tat),  In humans, the severity of symptoms is most strongly correlated with 

the severity of synaptic disruption and dendritic injury. Of the HIV-1 viral proteins, Tat 

plays a key role in facilitating structural and functional dendritic defects in neurons.  Within 

the brain, Tat has several direct and indirect effects that result in structural and functional 

changes to regions of the brain crucial for associative learning.  Fear conditioning using 

a Tat transgenic mouse model of HAND allows for the study of these affected regions 

while minimizing the influence of motivational systems.  In fear conditioning, subjects are 

presented with a conditioned stimulus (CS) followed by unconditioned stimulus (US).  The 

subject learns an association between the two, and performs a conditioned response 

(CR), indicative of learning, in preparation for the US.  The acquisition of this response 

can then undergo extinction in which the US is presented multiple times without the US, 

thus reducing the conditioned response.  Finally, relapse in conditioned responding can 

be observed due to changes in context, and reminders of the US.  There are region
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 specific contributions to each of these learning processes, allowing for the connection 

between specific deficits and associated brain regions.  The current series of experiments 

investigated acquisition, extinction, and relapse of conditioned responding. 

 Results from these experiments reveal transient deficits in acquisition for male and 

female Tat(+) subjects and a transient deficit in extinction learning seen only in male 

Tat(+) subjects.  These findings indicate disruption to amygdala and prefrontal cortex 

circuitry.  Renewal, a contextual form of relapse, was not observed while reinstatement, 

a US reminder form of relapse, was.  These results indicate that the failure to observe 

renewal were not due to failure to recall acquisition memories.  Overall, these experiments 

establish clear methodology for investigating associative learning deficits in the Tat 

transgenic mouse model of HAND and demonstrate transient deficits related to 

acquisition and extinction.   
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 CHAPTER 1: INTRODUCTION 

 The world health organization estimates that in 2022 there are currently 38.4 

million individuals globally living with human immunodeficiency virus type 1 (HIV).  

Following the initial discovery of HIV and in subsequent years, the virus was a fatal 

diagnosis that gradually depleted the body’s immune system before progressing to 

acquired immunodeficiency syndrome (AIDS) and then ultimately death.  During the 

progression to AIDS, the body is not the only part of the patient that is affected.  While 

HIV ravages the body, it also infiltrates and attacks the brain and the fate of many of these 

early patients was to progress slowly towards a condition known as HIV-associated 

dementia (HAD) [25, 26].  Research on HAD has revealed the mechanisms by which HIV 

affects the brain.  Briefly, HIV infected monocytes cross the blood brain barrier to enter 

the central nervous system (CNS) where they release a slew of viral proteins which result 

in neuronal and astrocytic damages largely thought to underlie the symptoms of HAD [25, 

27, 28].  There is no treatment for HAD; however, successful management of peripheral 

viral replication through combined antiretroviral therapies (cART) slows the progression 

to HAD [25-28].  While cART is an excellent treatment for the peripheral infection, its 

failure to penetrate the blood brain barrier makes it a poor medicine for the CNS [26, 27].  

The advent of these therapies has demanded a new classification for cognitive disruptions 

as individuals began exhibiting milder, albeit chronic, neurocognitive symptoms [27]. 
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1.1 HIV-associated Neurocognitive Disorder 

Currently, there exist three designations of neurocognitive impairments stemming 

from HIV infection known collectively as HIV-associated neurocognitive disorder (HAND) 

[27].  The least problematic of these designation is asymptomatic neurocognitive 

impairments (ANI) [27].  A person with ANI would largely never notice any disruptions in 

their everyday life, but when given a cognitive test in a clinical setting, would show 

reduced cognitive performance compared to their non-HIV infected peers [27].  Slightly 

more problematic, and of interest in this project, are mild neurocognitive deficits (MND) 

which involve slightly more noticeable disruptions to the patient’s daily life due to the more 

severe symptoms [27].  Finally, as mentioned above, HAD is the most problematic one 

compared to ANI or MND [26-28].   Importantly, the neurocognitive deficits stemming from 

HIV infection are clusters of slowly progressing neurodegenerative conditions whose 

severity appears to be correlated with the degree of success in managing peripheral HIV 

replication.  For cognitive impairments to advance to HAD, there needs to be sufficient 

long-term disruptions to immune and blood brain barrier function [29-31].  In other words, 

HAND is not a distinct condition from ANI, MND, or HAD, but a reflection of the severity 

of symptoms along a spectrum.  As a result of the increasing effectiveness of therapies 

targeting peripheral HIV infection, the proportion of patients experiencing these less 

severe symptoms has drastically increased [32, 33].  That is to say, rather than 

progressing fully to HAD, the greatest proportion of HIV infected individuals with 

noticeable cognitive impairments fall in the ANI or MND classifications and thus deserve 

special attention from contemporary research. 
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HAND is a cluster of cognitive impairments, including executive function, attention, 

learning, memory, decision making, and verbal fluency, affecting roughly 30-50% of HIV 

infected individuals [32, 33].    While past research has focused on encephalitis and 

neuronal loss as being the predominant neuropathological cause of HAND [34-36], 

contemporary efforts look more at the functional alterations to neurons [35-37].  Changes 

to synaptic protein dynamics are largely driven by HIV changes to the immunoproteasome 

that affects the cellular homeostasis and responses to stress [38].  As mentioned 

previously, HIV infects the CNS through monocyte trafficking across the blood brain 

barrier.  Packaged up in those monocytes is a mixture of HIV-1 viral proteins and toxins 

that injure neurons and astrocytes when released in the CNS [39, 40].  The independent 

effects of each of these toxins is being thoroughly investigated and our little slice of this 

heaven is the transactivator of transcription (Tat).  In humans, the severity of symptoms 

is most strongly correlated with the severity of synaptic disruption and dendritic injury [41, 

42]. Of the HIV-1 viral proteins, Tat plays a key role in facilitating structural and functional 

dendritic defects in neurons [43-46]. HIV-1 Tat’s effects on neurons occur through multiple 

direct and indirect mechanisms [47-55]. Tat depolarizes neurons directly through N-

Methyl-D-aspartate (NMDA) receptors [56-58] and can potentiate glutamate induced 

excitotoxicity [57], resulting in increases in intracellular calcium. Tat can also cause 

indirect effects on neurons through microglia and astrocytes by stimulating production of 

proinflammatory cytokines [47] and increasing glutamate release [59].  Of note in this 

project due to the subject matter, deficits affecting associative learning circuitry: prefrontal 

cortex (PFC), hippocampus (HPC), and amygdala (AMG), are of special interest. 
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1.2 Region Specific Effects of Tat Expression 

Within the prevue of the PFC, HAND typically results due to deficits in executive 

function, working memory, attention, and inhibitory control [60-65].  In their 2017 study, 

Wang and colleagues administered an attention network test to HIV infected individuals 

and controls [65].  The test is designed to assess three different types of attention 

including orienting responses, alerting responses, and resolving prediction errors.  

Orienting responses require the person to detect and then turn towards the origin of a 

brief stimulus, alerting responses require the person to remain in a vigilant state to detect 

a series of expected pattern following a warning cue, and resolving prediction errors 

involves separating signal from noise in a predictable pattern of cues to detect when an 

“incongruent” or unexpected cue is presented.  Their results indicated two important 

findings.  First, participants with HIV showed marked attentional deficiencies in alerting 

prediction errors.  HIV patients were not using the warning cues to speed detection of an 

expected sequitur as controls did.  Likewise, when the pattern following a warning cue 

was followed by a pattern containing an unexpected stimulus, detection of that stimulus 

took markedly longer than controls.  Secondly, these patients did not show any 

differences in the speed of orienting responses.  Taken together, this means that the 

detection of stimuli in this cohort was preserved, while the actual processing of that 

information into anything usable was slowed [65].  Similarly, an animal study from our lab 

in 2019 showed that mice expressing the Tat protein were unable to use information from 

their environment to change their behaviors [64].  This study used the Go/No-go task 

which requires animals to perform a “Go” operant conditioning response, in this case a 

nosepoke, in order to receive food.  However, on some trials an interceding stimulus tells 
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the animals to not perform that same response in order to receive food.  In other words, 

imagine you are at a stop light and when the light turns green (“Go” signal) another car 

bursts into the intersection running their red light (“No-go” signal).  Despite the green light 

telling you to go, the safe thing to do is to wait.  The efficiency with which the No-go signal 

can inhibit, or prevent, the behavior is called inhibitory control.  In our experiment, the 

animals with Tat expression showed poorer inhibitory control compared to controls which 

coincided with an observed increase in spontaneous excitatory postsynaptic current 

(sEPSC) frequency in the PFC [64]. Notably, a separate study found that spontaneous 

inhibitory postsynaptic current (sIPSC) frequencies in the PFC were increased to a larger 

degree in females expressing the Tat protein [66]. The balance of excitatory and inhibitory 

synapses is critical for the expression of inhibitory control over behavioral processes [67].  

Taken together, these studies present two interested findings relevant to the current 

project.  Firstly, in both studies the animals were able to detect the stimuli, thus one can 

conclude HIV does not impair sensory information for the infected individuals; 

anecdotally, in the case of our animal study the orienting response to the No-go stimulus 

was so disruptive it necessitated changing it entirely.  Secondly, when it comes to actually 

using the detected stimuli in a goal-directed task, HIV is detrimental.  Tat expression also 

results in disruptions to calcium signaling vital to PFC long-term potentiation (LTP) and 

control over behavior [68, 69].  In the case of both humans and animals, HIV disrupts 

executive function of the PFC which involves the recruitment and coordination of different 

brain regions to organize behavior [64-66, 68, 69].  

For the HPC, HAND manifests as deficits related to spatial memory and 

associative learning [70-77].  In one 2012 study looking at spatial memory, Cary and 
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colleagues placed mice with Tat into a Barnes Maze which uses distal spatial cues to 

guide the animal into picking one of several holes placed on a circular arena.  This task 

requires the animals to not only orient and attend to distal cues, but to also learn that 

these cues relate to locations in the maze baited with food.  Interestingly in their 

experiment, researchers noted that the presence of Tat resulted in far more errors, and a 

longer latency to escape (get the food) than controls [70].  While this result clearly showed 

a spatial learning deficit associated with HIV, one complication with such a procedure is 

that it involves reward motivation systems since it rewards proper navigation with a 

primary positive reinforcer, the food pellet.  HIV infection also tends to produce anhedonia 

phenotypes, so any experiment relying on positive reinforcers requires closer inspection 

[78].  Another study by Fitting and colleagues in 2013 used the Morris water maze task 

which relies on the negative reinforcement of survival to reward the animal for its 

successes.  In this task the animal is placed into an opaque water and required to use 

distal spatial cues to determine the location of a slightly submerged platform that offers 

safety from the water.  Thus, the animal is required to use spatial learning to aid its own 

survival which arguably would be less affected by anhedonia.  Nonetheless, researchers 

found a similar deficit in Tat expressing mice where those mice made more errors and 

took longer to find the platform than controls [71].  In their study, researchers pointed 

towards an upset of inhibitory and excitatory synaptic proteins as the cause for disruptions 

in HPC functioning [71].  Additionally, it seems LTP is inhibited or non-existent in the HPC 

of Tat expressing mice as well as disrupted pyramidal cell dendritic ultrastructure [71]. 

These two experiments show a diminished capacity for spatial learning following HIV 

infection; however, by nature of the tasks themselves, these experiments are complicated 
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by the use of the PFC to organize a direct sensory information towards goal directed 

outcomes.  Which, as discussed previously, is not the HIV infected brain’s best feature.  

The same Fitting et al. paper performed a contextual fear conditioning task to try to 

address this complication.  In this task the mice were subjected to footshocks in a 

particular context and then assessed for fear-related freezing behavior the next day when 

they were placed back in that same context.  While this task is again asking subjects to 

attend to spatial information to inform on expectations, unlike the previous tasks there is 

no goal. There is no reward for if the animal behaves a certain way, and there is no way 

for the animal to escape or avoid the footshock.  Instead the animal is simply learning 

what to expect in a certain place and as a consequence the learning shown in this task is 

not due to any choices on the animal’s part, but is instead a reflex.  As will be discussed 

later, the acquisition of this learning is largely PFC independent.  The mice with Tat 

onboard showed less fear than controls at test.  Meaning, that when presented with a 

constellation of cues that predicts danger is imminent, the Tat expressing mice largely 

ignored these cues.   They had failed to connect the dots that the place means danger 

and failed to alter their behavior accordingly. Much of the damage done by Tat to the HPC 

comes in the form of altered spine densities in key HPC circuitry [71, 77], as well as 

alterations to membrane excitability [76].    Taken together, these findings indicate that 

HAND is marked by HPC related deficits that are independent of any deficits in the PFC.  

Finally, the AMG has received far less attention from the HAND community despite 

some findings indicating it is affected as well.   Much like in the HPC, Tat results in reduced 

dendritic spine density in the basolateral amygdala (BLA), but not the central nucleus of 

the amygdala (CEA) [79].   Reduction in spine density is thought to underlie most of the 



8 

neurocognitive disruptions associated the HAND [27]; and in the AMG results in reduced 

prepulse inhibition of the acoustic startle response [79].  For associative learning, this 

finding indicates that predictive and aversive stimuli in the BLA are not being integrated 

in a way that allows the predictive stimulus to provide information about the imminent 

aversive stimulus [79].  In turn, this means that CS and US associations in Tat transgenic 

mice will likely be impaired.  Additionally, Tat has been shown to reduce oxytocin, which 

has anxiolytic effects, in the AMG leading to increased anxiety-like behaviors [80]. In 

terms of the current study, increased anxiety behaviors may actually lead to an 

enhancement of the fear response [81].  Nonetheless, as previously mentioned, the 

Fitting et al. 2013 experiment demonstrated a contextual fear conditioning deficit.  It is 

impossible to talk about fear conditioning and not mention the AMG and as such one 

question left unanswered by this experiment is whether dysfunction within the AMG may 

have contributed to the observed fear learning deficit [71].  As will be discussed in a future 

section, spatial/contextual information is typically handled by the HPC, but the 

convergence of contextual inputs from the HPC and sensory inputs for the footshock 

occurs in the AMG which ultimately produces the behavior.  Along with the footshocks, 

discrete cues such as a brief tone or light, are also handled within the AMG.  As such, a 

study that looks at using discrete cues to predict fearful events would largely ignore the 

impact HIV has on the HPC and PFC to focus on the integrity of intra-AMG circuitry.  One 

study by Hahn and colleagues in 2016 did just that.  In their experiment researchers 

paired a brief tone with a mild footshock on one day, then extinguished the fear response 

to the tone over the course of the next week.  Results from their experiment showed that, 

unlike contextual fear conditioning, cued fear conditioning proceeds normally among Tat 
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mice, and in fact it was the control mice that showed a failure to acquire the fear [72].  

Meaning that the observed deficits in the Fitting experiments must have been due to the 

HPC and not the AMG; however, there were several methodological inconsistencies 

which require further study.  Firstly the two experiments used different intensities of 

footshocks, with the Fitting paper using more intense footshocks.  It has long been 

understood that the intensity of the footshocks is directly correlated with the strength of 

the fear response and thus may have impacted detection of differences caused by Tat 

[82].  Secondly, the length and number of exposures to the shocks varied.  While the 

Fitting paper used a single brief footshock, the Hahn paper used four.  Again, we 

understand that the number of presentations directly influences the intensity of 

conditioned responses and may have obfuscated the findings [82].  Finally, the stimulus 

presented at test differed in the Hahn paper. During the initial pairings of the stimuli the 

mice received a 20 s long tone, but at test they received a 200 s long tone.  This 

arrangement is traditionally used to assess latency to cease freezing as a means to judge 

how strongly generalized the original learning was, but this test was not presented in this 

manner in their experiment.  The results we see for acquisition are more akin to a 

generalization test than a true test of acquisition.  Within that same Hahn experiment was 

also the extinction learning test.  Briefly, during extinction the animal learns that whatever 

predicted the fear would occur actually isn’t the best predictor and thus the fire of fear is 

extinguished.  Extinction is governed by the IL’s ability to inhibit projections from the BLA 

 CEA and thus preventing the production of the fear response.  This process typically 

takes much longer and so in this experiment the researchers used the number of days 

until the Tat mice and the controls showed a non-statistically significant difference.  This 
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was a curious way to approach this subject since the subjects showed differences 

between groups on the first day of extinction.  The control animals notably showed less 

than half the fear response they showed at acquisition indicating they did not acquire the 

fear in the first place.  From their experiments the Tat mice took three days to reach a 

level of freezing similar to the control animals which was labeled as an extinction deficit 

[72].  This interpretation of the data seems a little dubious, but was nonetheless intriguing 

given that extinction involves the PFC and appears to corroborate findings from our own 

research and led to the formation of the current project. 

To review, HAND results in a litany of deficits in various regions of the CNS largely 

through disruptions to dendritic morphology and function due to the Tat protein. With 

regards to associative learning circuitry, HIV results in HPC dysfunction leading to 

spatial/contextual learning deficits and PFC dysfunction which results in some potential 

extinction deficits that do not appear to be the result of a failure to attend to the stimuli.  

HIV has also been shown to result in AMG loss of dendritic spines and changes 

neurotransmitter populations [79]. Thus, the current project sought to clean up some 

methodological differences within the literature to establish a unified methodology for 

investigating deficits resulting from Tat for the acquisition, extinction, and relapse of 

conditioned fear responses using a transgenic mouse model of HAND expressing the Tat 

protein.
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CHAPTER 2: TITRATION AND ACQUISITION 

  In learning, the training histories of stimuli, and their arrangement with other 

stimuli, are what influence behavior.  One of the most basic training procedures is 

classical conditioning in which a previously neutral stimulus (NS) is paired with an 

unconditioned stimulus (US) until the response elicited by the US, the unconditioned 

response (UR), is also elicited by the NS.  The NS is now considered a conditioned 

stimulus (CS), and the response elicited by the CS is the conditioned response (CR) [83].  

The CS, when presented, will excite a memory of the US (CSUS) and elicit the CR.  For 

example if you are in an office setting and a coworker brings the group doughnuts every 

day.  Originally you will salivate upon sensing the doughnuts, but you likely will not be 

salivating once you sense your coworker.  Nonetheless you would find that over time the 

sight of your coworker would cause you to salivate because the coworker and the 

doughnuts have been paired together so consistently.  In this example the coworker is 

the CS, the doughnuts are the US, and the salivation is the CR and UR respectively and 

you have acquired a CR to the CS in this acquisition trial.  Importantly, the CS does not 

need to necessarily be a discrete cue such as the sight of a coworker, but can include 

other stimuli like the time of day, physical place, internal states as CS’s.  When a discrete 

cue is used, such as a brief tone or light, the procedure is called cued fear conditioning, 

while usage of context, such as physical place or internal state, is called contextual fear 

conditioning. While the brain regions involved in classical conditioning depend on the 
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sensory modality of stimuli and outcomes, this project will be focusing solely on the 

circuitry for contextual and cued fear conditioning acquisition, extinction, and relapse. 

2.1 Acquisition Circuitry 

The involvement of the AMG, PFC, and HPC during Pavlovian fear conditioning is 

well characterized in the literature; however, the differential involvement of these three 

regions at different phases of the procedure allows for a focused analysis of the 

behavioral consequence of HIV-1 Tat-induced damage in each area. At the forefront of 

any fear conditioning is the role the AMG plays in gating and resolving stimulus inputs 

[17, 84-87].  The AMG is divided into several distinct substructures which play distinct 

roles in fear conditioning; principle among these is the BLA and CEA.  Despite these two 

substructures consisting of multiple anatomically distinct substructures, functionally they 

are considered a package [88]. Our current understanding, summarized in Figure 1,  

paints fear conditioning as a competitive process between tightly interwoven excitatory 

neurons and inhibitory interneurons within the BLA and CEA [17].  The simplified serial 

model of AMG function proposes that sensory inputs from the CS and US converge in the 

BLA where there is a high population of glutamatergic neurons [16].  From there the BLA 

projects to the CEA; however, these projections are heavily influenced by surrounding 

clusters of tightly packed GABAergic neurons that are thought to gate information 

between these two substructures [89].   Within the CEA, the majority of these neurons 

are GABAergic and work on a system of disinhibition to feed outputs from the CEA to 

other brain structures controlling the performance of motor functions [17].  The inhibitory 

interneurons surrounding projections to the CEA from the BLA are subject to 

neuromodulator influences from the PFC and HPC which become more relevant during 
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extinction.  Their purpose is to code for contextual information and synchronize firing 

between the HPC and AMG when the contextual information is made relevant for 

behavioral outputs, i.e. if fear conditioning occurs in multiple contexts or in extinction when 

learning becomes specific to the context in which the extinction treatment occurs [19].   

Additionally, cases in which the context is itself serving as the CS, there are direct 

projections from the  HPC to the BLA which serve the same purpose as the discrete cue 

CS inputs described previously [20].  Thus, in cases where we are not using the context 

as the CS, the acquisition of fear memories is an AMG dependent function and as such 

deficits in the acquisition of cued fear conditioning memories.   In cases where we are 

using the context as the CS, the acquisition of fear memories is dependent on the 

interaction between the HPC and BLA.  Damage, dysfunction, or disruption of these 

regions results in a reduction of the speed and strength of acquisition of these memories; 

however environmental factors can also impact these memories [17].  

2.2 Current Project 

There are many factors which can influence the speed and intensity of acquisition, but 

most notably for this experiment is the intensity of the US [90].  Current understanding of 

learning proposes that there is an asymptote to learning, or a cap on how much can be 

learned about a particular stimulus arrangement [82].  This hypothetical cap or asymptote 

is met when the animal is no longer surprised that the CS is followed by the US; that the 

CS has become a good predictor of the US.  The intensity of the US contributes to 

determining both the asymptote of learning and the speed at which an animal reaches 

asymptote.  The more intense a stimulus is, the less trials will be needed to fully learn 

about the CSUS arrangement, and the more trials will be needed to extinguish this 
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arrangement later [82].  In the Fitting and Hahn papers previously mentioned, the differing 

intensities of US may have been one of the contributing factors in discovering a deficit in 

contextual, but not cued fear conditioning acquisition [71, 72].  Alternatively, it is possible 

that Tat affects the HPC and AMG differentially and while the AMG functions normally, 

projections to the BLA from the HPC may be disrupted.  To investigate this thread, the 

methodological differences must be reconciled and the problem approach in a 

standardized way and this series of experiments accomplished that purpose. 

In these experiments we first titrated the intensity of the US and altered the number 

of presentations to obtain a rate of conditioned responding that both avoided floor effects 

from not being intense enough, and ceiling from being too intense.  Likewise we were 

looking for a level of conditioned responding that would allow for extinction in future 

studies as the goal was to keep the methodology as consistent as possible between 

experiments [91].  Next, we assessed multiple arrangements of contextual and cued fear 

conditioning to establish Tat induced deficits in acquisition using either of these 

paradigms.  The purpose of these studies was to establish unified methodology and 

replicate findings from the literature to assess the true nature of the associative learning 

deficits attributed to the Tat mouse.  Given the Tat-induced disruptions to PFC, AMG, and 

HPC, our hypothesis, based on previous literature, was that, once established, our 

methodology would confirm previous findings showing deficits in contextual fear 

conditioning acquisition, and reveal additional deficits in cued fear conditioning 

acquisition.   
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2.3 Subjects 

Doxycycline (Dox)-inducible, brain-specific HIV-1IIIB Tat1–86 transgenic mice 

were developed on a C57BL/6J hybrid background as described in detail in previous 

literature [92, 93]. Tat expression, which is under the control of a tetracycline-responsive 

promoter controlled by glial fibrillary acidic protein (GFAP) expression, was induced with 

a specially formulated chow containing 6 mg/g Dox (product TD.09282; Harlan, 

Indianapolis, IN). Inducible Tat(+) transgenic mice express both GFAP-rtTA and TRE-tat 

genes, while control Tat(-) transgenic mice express only the GFAP-rtTA genes. At ~4 

weeks of age transgenic mice were genotyped to confirm the presence of Tat and/or rtTA 

transgenes. In all experiments, subjects are grouped by both genotype (Tat(+) or Tat(-)) 

and by sex (male or female). 

Tat expression in experimentally naive adult Tat transgenic mice was induced by 

Dox treatment starting at 6 weeks of age and continued through the end of the experiment 

unless otherwise specified.  Subjects entered the 10-day experiment at 8 weeks of age 

resulting in 24 days of Dox treatment in total.  All animals were bred by the University of 

North Carolina Division of Comparative Medicine (UNC DCM) and were group housed 

under a 12/12 h light-dark cycle.  The colony room temperature was maintained at 21°C 

and 32% humidity. All animal procedures were approved by the University of North 

Carolina Institutional Animal Care and Use Committee (IACUC) and followed The 

Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC) 

guidelines. 
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In the shock titration experiment, Tat expression was not induced.  These 

experiments used 16 Tat(-) subjects (males and females, counterbalanced) grouped by 

the intensity of shock they received.  Only Tat(-) subjects were included to examine how 

control subjects would respond to varying US intensities [90].  All subjects were run 

simultaneously one hour prior to the end of their dark cycle.  The contextual fear 

conditioning experiment with the four .4 mA shocks used 8 subjects per group while the 

contextual fear conditioning experiment with the single .7 mA shock used 8-10 subjects 

per group.  Finally, the cued fear conditioning experiment used 7-9 subjects per group. 

2.4 Apparatus 

 Standard mouse experimental chambers (MED Associates ENV-307W) were 

housed in sound and light attenuating cubicles (MED Associates ENV-022MD).  A 28 V 

DC, 100 mA house light (MED Associates ENV-215W) was mounted on the wall of the 

chamber and was illuminated during all phases of these experiments.  The US was 

delivered using standalone aversive scramblers (MED Associates ENV-414S) connected 

to gird floors (MED Associates ENV-307W-QD) via shock output cables (MED Associates 

SG-219G-10).  In all experiments, US duration was 2 s, and unless otherwise specified 

occurred at .7 mA intensity.  In the cued experiment, CS presentations were delivered 

using a Sonalert module with volume control to deliver an 80 dB 2900 Hz tone (MED 

Associates ENV-323AW).  Sessions were recorded using Amcrest FullHD 1080P 2MP 

Dome cameras mounted to the ceiling of the light and sound attenuating chambers.  

These cameras recorded to an Amcrest Security Recorder (AMDV8M16-H5).  Behavioral 

testing occurred in a dark room illuminated by red fluorescent lighting and all testing 
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occurred with white noise from an air conditioning unit located inside the room.  The 

testing room was kept at 22°C room temperature with 30% humidity.  

2.5 Procedure 

 For the shock titration experiment, following Tat induction and during acquisition, 

Tat(-) mice were placed into chambers for a 3 min habituation period before the first 

unsignaled stimulus presentation. In the first group, subjects received four .4 mA shocks 

with a variable inter-stimulus interval (ISI) of 3 min (2-4 min).  The second group received 

two .4 mA shocks on each day for two days with an ISI of 6 min.  This group was started 

one day prior to all other groups to align testing times. The third group received two .6 

mA shocks with a 6 min ISI.  Finally, the fourth group received two .8 mA shocks with a 6 

min ISI.  All subjects were removed from the chambers 2 min following the last stimulus 

presentation for a total session time of 15 min.  Following acquisition testing was 

conducted by placing subjects back into the same experimental chambers used in 

acquisition for 15 min.  Freezing behavior from this session was used to populate the 

present data as described below. 

 In the contextual fear conditioning experiment using the .4 mA unsignaled shocks, 

all subjects were placed into the chambers for a 3 min habituation period prior to the first 

stimulus presentation.  Subjects then received four .4 mA shocks with a variable ISI of 3 

min (2-4 min).  As before, subjects were removed from the chambers 2 min after the final 

shock delivery for a total session time of 15 min.  The next day, subjects returned to the 

same chambers for 15 min observation with no US delivery.  Freezing behavior from this 

session was used to populate the present data as described below. 
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 In the contextual fear conditioning experiment using the .7 mA unsignaled shock, 

training proceeded as previously described in the .4 mA contextual fear conditioning 

study.  However, only a single presentation of the US occurred after a 3 min habituation 

period.  As before, subjects were removed from the chambers 2 min after the final shock 

delivery for a total session time of 5 min.  The next day, subjects returned to the same 

chambers for 5 min observation with no US delivery.  Freezing behavior from this session 

was used to populate the present data as described below. 

 Finally in the cued fear conditioning experiment, subjects proceeded as previously 

described in the .7 mA contextual fear conditioning study.  However, following the 3 min 

habituation phase, a 60 s tone CS preceded the US.  Subjects were removed from the 

chambers 1 min after the final shock delivery for a total session time of 5 min.  The next 

day, subjects returned to the same chambers for 5 min observation with no US delivery.  

Freezing behavior from this session was used to populate the present data as described 

below. 

2.6 Statistical Analysis 

Power analyses based on previous studies with the Tat transgenic mouse model 

determined animal counts. All statistical analyses were conducted using two-way analysis 

of variances (ANOVA) with Sex (2 levels: male, female) and Genotype (2 levels: Tat(-), 

Tat(+)) as factors, followed by Bonferroni post hoc tests if necessary. An alpha level of p 

< .05 was considered significant for all statistical tests used.  Unpaired and paired 

Student’s t-tests were conducted when appropriate and necessary to examine individual 

group differences from baseline freezing values gathered on Day 1 of each experiment.  
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These studies did not examine estrous cycle as part of the inclusion of female subjects. 

The stress caused by daily vaginal lavage had great potential to affect conditioned 

emotional responses elicited from behavioral training.  Experimental manipulations were 

delivered after counterbalancing subjects for age and sibling status. Animals were 

distributed into groups randomly. Experimenters were blind during both data gathering, 

and analysis at all stages of the experiment.  

Freezing behavior was quantified using the bin method for hand coding.  Session 

time was divided into 5 s bins and coders indicated whether or not the subject exhibited 

freezing behavior, defined as no motion for >1 s, in a binary manner. Inter observer 

agreement for >85% of bins on 30% of all videos for each phase was used to ensure 

reliability of coding.  In contextual experiments, percentage of bins in which the animal 

freezes are the dependent measure. In cued fear conditioning experiments, the 

dependent measure will be the percentage of bins in which the animal freezes during the 

CS only. All descriptive statistics are reported as means (M) ± standard error of the mean 

(SEM). 

2.7 Results 

We first sought to titrate the unconditioned stimulus in our studies with the goal of 

producing a conditioned response that was both robust enough to avoid floor effects while 

moderate enough to allow for extinction in our Tat transgenic mouse line of HAND. These 

mice are able to express the Tat protein when fed a doxycycline infused chow. Tat(+) 

mice express the Tat protein while Tat(-) mice do not.  We placed control (Tat(-); n = 

8/group) animals into Standards Med Associates operant chambers equipped to deliver 

alterable intensities of 2 s footshock US. Animals entered the chambers on the first day 
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and were exposed to either four .4 mA shocks on one day, two .4 mA shocks on two days, 

two .6 mA shocks on one day, or two .8ma shocks on one day. A higher milliamperage 

and more shock presentations are known factors that modify the strength of conditioned 

responses. Intensities and number of presentations were chosen to reflect previous 

literature [71, 72]. This experiment demonstrated success in producing a conditioned 

response measured 24 h following acquisition (Figure 2A).  The group that received four 

.4 mA shocks on one day showed decent acquisition (M = .48, SEM = .11) while 

simultaneously resulting in the least stress of any of the four conditions and thus was 

selected for US delivery in contextual fear conditioning experiments. 

Following titration experiments, we attempted to replicate previously established 

contextual fear conditioning acquisition deficits associated with the Tat transgenic mouse 

model [71]. In our first procedure, we used the US delivery established in the titration 

experiment. On Day 1, Tat(+) and Tat(-) male and female (n = 8/group) subjects were 

placed into the chambers and presented with four .4 mA shocks. On Day 2, subjects were 

returned to the chambers and freezing behavior was assessed. There were no main 

effects of genotype or sex on freezing behavior (p > .05; Figure 2B). A second experiment 

investigated if a single more intense US presentation would replicate previous deficits. 

Now, on Day 1, subjects (n = ~9/group; 8-10) received a single .7 mA shock. On Day 2, 

subjects were returned to the chambers and freezing behavior was assessed. There were 

no significant main effects of genotype or sex on freezing behavior (p > .05; Figure 2D).  

Upon failure to replicate contextual fear conditioning deficits, we assessed cued 

fear conditioning using the single .7 mA shock. On Day 1 subjects (n = ~8/group; 7-9) 

were placed into chambers. After a 3 min habituation period, a single 60 s 2000 Hz tone 
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CS was presented. At the termination of the CS, the US was presented. Subjects were 

allowed an additional min in the chambers following US termination. On Day 2, subjects 

were returned to the same context and presented the same CS at 3 min. Freezing 

behavior during the CS presentation was assessed. There was a main effect of sex on 

freezing behavior during the CS, F (1, 30) = 8.326, p = .007 (Figure 2F). Bonferroni post 

hoc tests revealed that female Tat(+) animals exhibited significantly less freezing; female 

Tat(+) mice froze less (M = .389, SEM = .161) than male Tat(+) mice (M = .798, SEM = 

.048), p = .029, and male Tat(-) mice (M = .767, SEM = .083), p = .021. Overall these 

acquisition studies indicate Tat transgenic mice show a deficit in one-trial cued acquisition 

and extinction learning, specifically Tat(+) females. Further experiments will explore ABC 

renewal and reinstatement to investigate potential deficit in these forms of relapse. 

2.8 Discussion 

 This collection of studies represents the initial preliminary experiments to establish 

the methodology in future experiments.  Principally, these studies were to gauge the type 

of US to provide to the Tat transgenic mouse that would allow the subjects to produce a 

measurable freezing response that was neither too extreme to extinguish nor too weak 

so as to not produce any fear response.  Concurrently, the US was titrated to result in the 

least amount of aversion to the subject while still establishing a CR.  Furthermore, these 

studies were designed to assess deficits in acquisition of the CR due to Tat expression.  

In our experiments we established a cued fear conditioning deficit in female Tat(+) mice, 

but did not see any such deficit for contextual fear conditioning. 
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 Shock titration experiments are chiefly used when first using a fear conditioning 

procedure in a laboratory setting [94].  Whenever using a new animal model, equipment, 

or a new setting it is important to ensure the US is being delivered consistently across all 

subjects, and that all subjects are experiencing the shock consistently.  Subjects in the 

shock titration experiment (Figure 2A) demonstrate a typical sensitivity to US intensity, 

frequency, and spacing that one would expect from wild type animals [82]. As the number 

of presentations or the mA of the shock increase, so does the CR.  In our experiment we 

determined that subjects achieved sufficient levels of freezing to avoid the 

aforementioned ceiling and floor effects, while not overtraining, using four .4 mA shocks.  

Following data from the contextual fear conditioning studies, this value was changed to 

one .7 mA shock to achieve a similar effect while more closely replicating previous 

literature [71]. As this study only employed Tat(-) control subjects, this experiment 

provided a solid foundation for the suitability of Tat transgenic mice in fear conditioning 

and allowed cataloguing and accounting for equipment variability.   

 Using data from the shock titration experiments, a new cohort of subjects 

underwent a four-trial delay contextual fear conditioning paradigm.  This experiment 

attempted to replicate the original contextual fear conditioning study established in 

previous literature with the Tat transgenic mouse model [71].  Given that the US intensity 

in the current study was much lower than reported in literature, the next step was to 

increase the US intensity.  Simultaneously, the number of shocks was reduced to one .7 

mA shock  to avoid ceiling effects in which over-trained acquisition memories retard 

subsequent extinction [95].  Subsequently, subjects showed similar low-level freezing 

behavior at test.  Keep in mind that during these studies, the context serves as the CS 
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and the data shown reveals the CR to that CS. Thus these two findings, along with 

renewal data discussed later, indicate that our Tat transgenic mice, including Tat(-) 

controls, seem to have a lack of sensitivity to the contextual information.  While the HPC 

deficits in Tat transgenic mice have been well documented [70-75], the finding that Tat(-

) subjects also performed poorly was surprising.  One explanation for the poor 

performance displayed by our Tat transgenic mouse line is the finding of a previous study 

that showed strain differences in sensitivities to contextual cues during the fear 

conditioning procedure [96]. In these studies, DBA/2 mice demonstrated normal 

acquisition to cued fear conditioning but showed a stark deficit in the performance of CR’s 

to contextual CS’s.  This deficit persisted independent of environmental and 

methodological alterations to the fear conditioning procedure [97]. Similarly, previous 

literature has shown strain dependent differences in HPC long-term potentiation and 

spatial memory in several inbred and transgenic strains compared to C57BL/6J mice [98-

101].  Therefore, further studies are needed to investigate whether Tat(-) subjects show 

a comparable CR profile to the C57BL/6J mouse strain from which they are derived.  It is 

entirely possible, that much like the DBA/2 mice, the Tat transgenic mice are simply not 

a proper strain to use as controls in contextual fear conditioning experiments.  As such, 

future studies may want to use wild-type C57BL/6J mice as controls, to account for 

influences from the Tet ON system used to express Tat from astrocytes. 

 The final experiment in this series examined Tat transgenic mouse responses to 

single trial cued fear conditioning.  This experiment established an apparent deficit in 

female Tat(+) animals in which they showed a much weaker CR at test than their male 

counterparts or control animals.   In a departure from previous experiments, this one 
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preceded the US with a 60 s auditory CS, and as such the data represents solely the CR 

during the CS.  Traditionally, studies that have shown Tat’s effects on the AMG show 

deficits in male subjects [79, 102, 103]; however several factors may have resulted in the 

present data.  Firstly, these experiments were run towards the end of the subject’s night 

cycle.  Studies looking at the effects of circadian rhythm on stress show that in males, 

corticosterone levels are significantly higher at the end of the dark cycle than at the 

beginning [104].  In this way, our male subjects were perhaps showing greater baseline 

levels of stress than females.  Within fear conditioning literature, stress enhances intensity 

of CR to fearful stimuli and as such may explain why males presented a stronger fear 

response [105-107].  Studies examining the relationship between sex, stress, and fear 

conditioning have found sex to differentially impact the relationship between stress and 

fear [106, 107].  In males, stress clearly enhances fear conditioning learning, while in 

females the results are mixed [106, 107].  In acquisition, females tend to show moderate 

enhancements, or none at all, largely depending on the type of stressors used [106, 107].  

In general, females tend to show enhanced fear responses only when under social stress, 

which was not a stressor used in the current series of experiments [108].  Additionally, 

previous literature shows Tat dysregulates the hypothalamic-pituitary-adrenal (HPA) axis 

resulting in increased corticosterone in males [109].  Indeed the circadian rhythm 

dependent increase in corticosterone may have had an additive effect with the already 

heightened levels in Tat(+) to obscure any deficits related to learning in this design.  As 

will be discussed later, subsequent studies that occurred towards the beginning of the 

night cycle failed to replicate this observed deficit in female Tat(+).  This failure to find 

differences in those studies was notably not due to an increased CR in Tat(+) females, 
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but to a reduction of the CR exhibited by all other groups.  A second influential factor may 

have been environmental stressors pre- and postnatally.  These experiments occurred 

near the beginning of the COVID-19 pandemic which saw several changes to the home 

cage environments of these animals.  Notably, a dynamic animal care staffing and the 

relocation of colony breeders preceded the cued fear conditioning experiment.  In other 

words, this cohort of animals was exposed to a unique cocktail of prenatal stressors that 

are known to affect behavioral stress responses later in life [110].  Specifically, exposure 

to unknown male mouse odors during weaning led to higher behavioral measures of 

stress later in life for male mice, but not female mice [110].  In the current experiment it is 

highly probable that relocation of colony breeders to a novel environment introduced such 

a stressor which also contributed to the high levels of CR we saw in our male animals.  

 Nonetheless, this experiment observed a transient acquisition deficit in female 

Tat(+) subjects.  Within acquisition, circuitry involving the PFC and AMG are critical for 

the production of fear responses following acquisition [17, 84-87].  The balance of 

excitatory and inhibitory activity within the PFC is the primary contributor for AMG 

disinhibition and as such changes to the balance of these synapses caused by Tat may 

help explain acquisition deficits [17, 19].  In female Tat(+) mice, the frequency of sEPSCs 

are moderately increased [64]; whereas, female Tat(+) subjects show increased sIPSC 

frequency compared to Tat(-) females [66].  Thus, this imbalance would mean the 

inhibitory tone of that system was preventing disinhibition of BLA to CEA intra-AMG 

circuitry, resulting in the observed acquisition deficits in female Tat(+) subjects [17].  In 

previous literature, the imbalance seen in males is quite different.  While sEPSCs 

frequencies are similarly increased, sIPSC frequencies are decreased [66].  As such, for 
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our male subjects they likely had an imbalance largely favoring excitatory synapses.  At 

test, this sex dependent difference in PFC activity led to males having enhanced fear 

response while females showed reduced CR compared to all other groups. 

 In summary, the findings of the acquisition studies revealed a cued, but not 

contextual, fear conditioning acquisition deficit in female Tat(+) transgenic mice.  It 

appears from this series of experiments that the Tat transgenic mouse line as a whole is 

not sensitive to contextual information and as such did not attend well to the contextual 

information in these experiments.  To support this finding, future experiments should use 

additional control groups as discussed later.  The observed deficits in cued fear 

conditioning for Tat(+) females seem to stem from the imbalance of excitatory and 

inhibitory synapses in the PFC [17, 19].   These studies succeeded in their role to 

establish consistent methodology to be used in subsequent experiments and establish a 

transient acquisition deficit in female Tat(+) subjects. 
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CHAPTER 3: EXTINCTION AND RENEWAL 

 With an observed acquisition deficit in our Tat(+) female mice for one-trial cued 

fear conditioning, the next step was to investigate  the supposed extinction deficit first 

reported by Hahn et al. 2016 [72].  Extinction involves explicit un-pairings of the CS and 

the US, and in the case of cued fear conditioning, this is accomplished by presenting the 

CS without the accompanying US.  Central to the understanding of extinction, is the notion 

that this process does not erase acquisition memories, but rather retroactively interferes 

with the performance of the CR [21].  In other words, extinction is not a form of unlearning 

but of new learning, and as a result the originally conditioned memories remain despite 

extinction and are vulnerable to relapse [21].   

3.1 Extinction Circuitry 

The circuitry governing extinction learning, as summarized in Figure 3, is complex 

and involves a distributed network of neuromodulator interactions that gate intra-AMG 

signaling [111].  Early studies probed the AMG’s role in extinction using lesions and 

pharmacological inactivation; however, the lesion studies were problematic given that a 

lesion of the AMG would disrupt the performance of the CR regardless of if extinction was 

involved or not [112].  As techniques improved, more focused lesions revealed that even 

when the acquisition circuitry remained intact, lesions to the AMG were unable to disrupt 

extinction [113].  Pharmacological activation of GABAergic activity in the AMG before 

extinction training likewise was unable to prevent extinction within a session [114];
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however, GABA agonists administered following an extinction session were able to 

facilitate extinction learning [115].  This data is supplemented by findings that following 

extinction, GABA receptor associated synaptic protein Gephyrin is upregulated indicating 

there are structural changes to GABA receptor expression in the AMG following extinction 

learning [15]. These changes have been attributed to NMDA dependent plasticity within 

the AMG as NMDAR antagonists were able to disrupt impair extinction retrieval but not 

within session extinction [116].   So the question becomes, what is driving the NMDAR 

activity? 

 The infralimbic cortex (IL)  of the PFC was first implicated as the driving force 

following lesions studies which showed that ablation of the IL prevented extinction 

retrieval the next day, but did not impair extinction learning [15].  A multitude of studies 

pharmacological inactivation of IL function (Na+ channel blockers, NMDAR antagonists, 

protein kinase A inhibitors) have found similar functions in that the within session 

extinction is not affected, but the retrieval of extinction learning the following day was 

impaired [12-14].  Further studies show that there are physiological changes to the 

function of IL neurons following extinction which underlies performance of extinction 

memories within the AMG.  Research has found that the degree high-frequency bursting 

of IL neurons after extinction training is correlated to the degree of extinction retrieval 

observed the following day; more bursts means more extinction [13].  Secondly, the 

inhibitory tone of the IL was correlated with the level extinction retrieval observed the 

following day [18]. 

 Interestingly, extinction learning is highly specific to the context in which the 

treatment occurs  [5].  The HPC encodes contextual information which project to the PFC 



29 

and the AMG [22].  Disruptions to this circuitry through lesions or pharmacological 

inactivation can disrupt, but not eliminate, the retrieval of extinction memories [24]; the 

subjects were able to extinguish within a session, but showed poor extinction retrieval the 

following day.  Importantly, inactivation or lesions to the HPC are not sufficient to prevent 

extinction retrieval, rather the HPC seems to gate the performance of extinction based on 

how closely the retrieval context matches the training context. 

 Taken together the literature shows a clear circuitry for extinction.  Within the AMG, 

CS and US convergence results in the production of a fear response.  At the same time, 

contextual inputs from the HPC innervate the PFC and AMG providing contextual 

information necessary to resolve behavioral outputs from the AMG.  The IL then takes 

converging information about the CS from the AMG and the context from the HPC.  IL 

activation of populations of GABAergic interneurons within the AMG to inhibit the output 

of the CEA to prevent the performance of a fear response is warranted given current 

stimulus conditions.    

3.2 Renewal Circuitry 

 As previously mentioned, extinction training is highly context specific.  So much so 

that any departure from the extinction context will be met with a relapse in the CR known 

as renewal [21]. The circuitry for renewal is summarized in Figure 4. First the animal 

learns an excitatory association (CSUS) in acquisition before it learns a second 

association (CSNo US) during extinction.  There are several paradigms used to study 

renewal.  “ABA renewal” is when conditioning occurs in context A, extinction in context B, 

and then the animal is returned to the conditioning context, A, for testing [1, 2, 5].  In “ABC 
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renewal” conditioning and extinction occur in A and B, respectively.  The animal is then 

tested in a novel context, context C, and the effect is smaller but still occurs in this 

paradigm. This paradigm allowed researchers to determine that it was the departure from 

the extinction context, and not the return to the conditioning context, that resulted in 

relapse [5].  The role of the context and subsequently the HPC is of special importance 

in renewal. 

 As one author rather humorously stated, there is “general consensus” that the HPC 

is involved in the renewal of conditioned fear.  Which is a rather humble way of stating: 

the HPC is necessary to observe renewal [3, 4, 6].  Muscimol injections to the dorsal HPC 

are sufficient to prevent the renewal effect [4].  In their study, Corcoran and Maren were 

able to demonstrate a reversible ablation of the renewal effect using Muscimol injections.  

Rats acquired and then extinguished a conditioned response.  At the renewal test, acute 

muscimol injections were able to block the renewal effect; however, tests in the same 

animal the next day without muscimol on board showed normal renewal.  In this same 

experiment, researchers showed that muscimol injections to the HPC do not prevent 

freezing responses in unextinguished subjects.  Muscimol injections to the HPC prevent 

the contextual gating of extinction learning while preserving the freezing responses. 

Interestingly, the HPC is not the only region which, when disrupted, can impair the 

renewal effect.  The prelimbic cortex (PL)  has been implicated in a similar manner in 

which pharmacological inactivation of the PL after extinction prevents renewal response 

[6].  Even more interestingly, in this study disruptions of the PL prior to conditioning did 

not impact acquisition or extinction and only affected the contextual gating of extinction 

learning.  As the PL is innervated by the HPC, and itself innervates the CEA, this suggests 
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an important role for the PL in discriminating between contexts after extinction has 

occurred and reinforces the idea of direct connections between the HPC and PL being 

necessary for renewal.  However, the PL is not the sole target of the HPC, there are also 

projections from the HPC to the BLA which have been implicated in renewal [23].  In this 

experiment, researchers correlated c-Fos expression in the BLA, HPC, IL and PL 

following renewal tests.  Findings indicated that there was significantly more c-Fos activity 

in BLA projecting neurons from the PL and HPC than in the IL.  This shows that while the 

IL is important for extinction retrieval, it seems the PL is much more important for renewal.  

These results also indicated significantly more c-Fos activity along the HPCPLBLA 

pathway than the HPCBLA pathway but disconnection of either pathway prevented 

renewal.  Finally, while there was significantly more PL activity than IL, there was still 

significantly more activity than baseline in the IL during renewal tests which supports the 

notion of the performance of conditioned responses resulting from an ever-present 

competition between excitatory and inhibitory processes within this circuit. 

 To summarize, there currently exist two pathways by which the HPC gates 

contextual control of extinction memories.  First, there exists a direct pathway between 

the HPC and BLA which is necessary for the renewal effect; however, this pathway sees 

relatively low activity compared to a second necessary pathway between the HPC, PL, 

and BLA.  Likewise, there is HPCIL activity that is recruited during renewal that seems 

to be out competed by the strong PL activity driven by a mismatch between extinction 

and testing contexts [3-6].  Consequently, examinations of renewal deficits in our Tat 

transgenic mice present an opportunity to examine a pathway that is unique to both 

acquisition and extinction, as well another form of relapse discussed later: reinstatement. 
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3.3 Current Project 

 Previous literature reported an extinction deficit in Tat(+) transgenic mice; 

however, the methodology and data from that study did not warrant this conclusion [72].  

Nonetheless, given previous data on how the HPC and PFC are affected in Tat 

transgenic mice and the importance of these structures in extinction, it is very probable 

there is an extinction deficit [60-65, 70-75].  As previously mentioned, in the PFC the 

balance of excitatory and inhibitory synapses is disrupted [17, 19, 64, 66].  Inhibitory 

activity in the IL is critical for the suppression of the fear response in the AMG during 

extinction [12-15, 18].  Thus, the current project sought to examine this possibility with a 

proper examination of extinction.  Central to this examination is the understanding that 

there are acquisition deficits which need to be accounted for.  First, a direct comparison 

between groups for raw conditioned response intensities, such as that in previous 

literature (i.e. [72]), ignoring the fact that the intensities on Day 1 of extinction are 

already very different between groups.  In fact, this would likely provide the mistaken 

conclusion that Tat is an extinction enhancer since the conditioned response intensity is 

already so low.  Likewise, a comparison of the rates of extinction are equally as 

improper. While ultimately a flawed model, the Rescorla-Wagner model can provide 

insights into why this is so [82].  The product in the model is the change in learning that 

occurs trial to trial.  Among many factors surrounding learning, the model accounts for 

the current “level” of learning as being particularly influential on the change in learning 

between trials.  To summarize briefly, if the subject already has not learned much about 

the CSUS relationship, then the change in learning on each trial will be much less 

than a subject that has reached asymptote for learning during acquisition.  In terms of 
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the current project, this would lead one to conclude mice showing an acquisition deficit 

were also showing an extinction deficit; however, if the extinction deficit is simply a 

product of the acquisition deficit then the conclusion would be misleading.  The method 

we employed here examined whether there are differences in conditioned responding 

intensity on the final day of extinction relative to the level on the first day.  In other 

words, we are comparing the proportions of conditioned responding remaining after 

extinction between groups.  As it does not affect the extinction process, these 

experiments also examined renewal following extinction. 

While findings from our previous experiments did not indicate an acquisition deficit 

in contextual fear conditioning, the large body of literature supporting HPC dysfunction in 

Tat transgenic mice, including contradictory results in another contextual fear conditioning 

study [71], warranted further review at a more subtle way in which the animals may be 

using context: renewal [70-75].  Again, in renewal subjects experience a relapse in their 

conditioned responding due solely to a departure from the extinction context.  So in these 

experiments, acquisition occurs in one place, Context A, extinction in another, Context B, 

and finally the renewal test occurs in either the acquisition context or a novel context, 

Context C.  When subjects are returned to the acquisition context, this is known as ABA 

Renewal, and when placed in a novel context this is known as ABC Renewal. In 

contextual fear conditioning, it is thought that direct connections between the HPC and 

BLA are what account for learning the conditioned response [20].  In contrast, while 

renewal circuitry requires this connection, the c-Fos data shows an overwhelming amount 

of activity is routed through the HPCPLBLA pathway.  Likewise these connections 

are required to demonstrate renewal.  Thus, while the same pathway, as in contextual 
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fear acquisition, is engaged, there is also a different PFC related pathway engaged which 

could be differentially affected by Tat.  Given the upset balance of inhibitory and excitatory 

synaptic proteins functioning and diminished LTP in the HPC in Tat transgenic mice [71], 

it is very likely we will see impaired contextual effects commonly seen during associative 

learning [71].  Consequently, the current project examined extinction and two types of 

renewal to assess both PFC and HPC related deficits related to the presence of Tat in 

our Tat transgenic mouse line.  We hypothesized, based on the literature that Tat’s effects 

on neurons in the HPC and PFC would result in an observable behavioral deficit in 

extinction and both types of renewal.  

3.4 Subjects 

 Subjects were used as previously described in section 2.3.  The ABA renewal 

experiment used ~6 subjects (5-8) per group while the ABC renewal experiment used 8 

subjects per group. All subjects were run 1-2 h after the beginning of their dark cycle. 

3.5 Apparatus 

 These experiments used the same apparatus as previously described in section 

2.4.  Context A was a darkened chamber with the house light off, while Context B was a 

separate illuminated chamber with the house light on.   Context C was a separate 

darkened chamber with a peanut odor cue placed inside the sound and light attenuating 

enclosures. 
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3.6 Procedure 

 Acquisition in Context A and session/stimulus timing proceeded as previously 

described in section 2.5.  Following acquisition, extinction training involved 7 days of non-

reinforced presentations of the 60 s CS once per session in Context B.  As before, 

subjects were allowed 3 min habituation time before the CS was presented.  At test, in 

the ABA experiment subjects were returned to context A and once again presented with 

the CS at 3 min; while, in the ABC experiment subjects were moved to novel Context C. 

3.7 Statistical Analysis 

 Acquisition data was analyzed as previously described in section 2.6.  For 

extinction, a proportion of CR remaining value was calculated using the following formula: 

(final day of extinction CR) / (first day of extinction CR).  In this way, the measurement 

was sensitive to any changes in acquisition deficits. Likewise, for relapse measurements, 

the following formula was used: (test day CR) / (last day of extinction CR) to find the 

proportional increase in the CR due to renewal.  As before, this measurement would be 

sensitive to any deficits seen in extinction.  All statistical analyses were conducted using 

two-way analysis of variances (ANOVA) with Sex (2 levels: male, female) and Genotype 

(2 levels: Tat(-), Tat(+)) as factors, followed by Bonferroni post hoc tests if necessary. An 

alpha level of p < .05 was considered significant for all statistical tests used. 

3.8 ABA Renewal Results 

Undeterred by the lack of contextual fear conditioning deficits, we still wanted to 

use a behavioral task that would tax the HPC to probe for differences in contextual 

processing that may be more subtle than a shock to the paws.  Thus, we sought to employ 
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the renewal test in which animals use contextual information to disambiguate information 

about the CS following prediction errors.  In other words, in this task subjects are required 

to not only detect and respond to the cue, but recognize the place in which that cue is 

being presented and behave accordingly.  As previously mentioned, any departure from 

the extinction context should be sufficient to produce a renewal effect.  In this experiment, 

context A was a dark chamber while context B was a separate illuminated chamber. 

Acquisition occurred in context A, same as previously described. On Day 2, subjects (n = 

~6/group; 5-8) were transferred to context B and underwent 7 days of extinction before 

returning to context A on Day 9 for a renewal test. Freezing behavior on Day 2 is indicative 

of acquisition learning, while the change in freezing behavior between Days 2 and 8 is 

indicative of extinction learning. Finally, the change in conditioned responding between 

Days 8 and 9 is indicative of renewal. Given that there were differences in acquisition 

learning, and the possibility for differences in extinction learning, it was necessary to 

assess extinction and renewal relative to each subject’s past performance. There was a 

main effect of genotype on acquisition learning, F (1,24) = 4.927, p = .038, and extinction 

learning, F (1,20) = 4.560, p = .045. There were no significant main effects for the renewal 

test, p > .05.  Bonferroni post hoc analysis did not reveal any significant differences (p > 

.05; Figure 5B). 

Interestingly, this experiment appears to show a reversal of the previous finding 

demonstrating the acquisition deficit in female Tat(+) subjects to now show an acquisition 

deficit in male Tat(+) subjects; however, a comparison of the two experiments yields two 

conclusions.  First, the level of conditioned fear demonstrated by female Tat(+) animals 

remains more or less consistent between the two studies while the male Tat(+) subjects 
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seem to vastly change between the two studies.  As will be discussed in a future section, 

this could be due to methodological or environmental variability between the two 

experiments.  Namely, the acquisition studies were done in the evening while this renewal 

experiment was performed in the morning.  Additionally, previous literature from our own 

lab has demonstrated that chronic stress does not uniformly impact Tat(+) males and 

females [64].  During this period, there were changes to animal care staff, breeding 

procedures, and transportation environment, which all may have contributed to a stressful 

situation outside of the experiment for our subjects in this particular experiment. 

Another interesting finding from this data is the lack of renewal effect in our Tat(-) 

subjects.  We originally hypothesized based on previous literature, that the Tat(+) mice 

would have disruptions to hippocampal functioning which would lead to a failure to 

process contextual information and thus would not be sensitive to the changes in context 

necessary to observe renewal.  Thus, we expected Day 9 to show a level of freezing 

similar to that of Day 2 (Figure 5B) for our Tat(-) subjects and to reveal a lack of relapse 

in our Tat(+) subjects.  Instead, none of our animals seemed to show a renewal effect 

which left us with two options.  First, perhaps the transgenic line itself is incapable of 

renewal; previous research has shown certain in-bred mouse lines demonstrate 

acquisition and extinction, but fail to show renewal due to a lake of sensitivity to contextual 

information[117].  Second, as will be discussed further in a future section, maybe the 

contexts themselves were not salient enough for the subjects to attend to; the data shown 

in Figure 5 is more similar to what an extinction graph would look like if you never 

changed the context within the experiment.  In other words, if we make the renewal 
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context especially salient and distinct then maybe we could observe the renewal effect in 

our mouse line.  This led us to a second type of renewal, ABC Renewal. 

3.9 ABC Renewal Results 

 For ABC renewal, rather than returning the animal to the acquisition context, you 

place the animal in a novel context following extinction.  Again, since renewal occurs due 

to a departure from the extinction context, a move to a new place should be sufficient to 

produce the renewal effect.  As previously described, this experiment (n = 8/group) 

proceeded the same as the ABA renewal experiment, except for the novel context on Day 

9.  This new context C involved the animal being placed in a new chamber with a novel 

peanut oil odor permeating the chambers.  The calculus was to use the mouse’s primary 

sense to present an extremely salient olfactory stimulus to make it nigh impossible for the 

mouse to not realize they are in a different context.  For this experiment, there were no 

significant effects for sex or genotype on acquisition, extinction, or renewal (all p’s >.05; 

Figure 6B).  There was a trending main effect for sex on extinction learning, p = .081, 

largely driven by a single Tat(-) female mouse somehow performing a conditioned 

response 250% more intense on Day 8 than it did on Day 2.  Taken together this study 

indicates that all subjects acquired and extinguished their conditioned responses, as well 

as achieving similar performance on the renewal test. 

Notably, much like with the ABA Renewal experiment, the ABC Renewal 

experiment failed to produce a renewal effect.  While possible, it would be hard to argue 

that the subjects were unable to perceive the change in contexts.  One option could be 

that the subjects were not exposed to the contexts for long enough to fully appreciate the 
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constellation of stimuli before them.  While our animals did not show sensitivities to 

contexts, conditional place preference studies have shown context sensitivities in Tat 

transgenic mice using longer periods of exposure to the context [118].  However, it seems 

more likely that the Tat transgenic mouse line may simply be the wrong strain of animal 

to observe renewal.  The genetic differences between the Tat transgenic mouse and its 

C57BL/6J progenitors would be a good target for future analysis of the neural machinery 

necessary to observe renewal. 

3.10 Discussion 

 These experiments examined the effects of Tat on the processes of extinction and 

renewal.   The ABA renewal experiment revealed acquisition and extinction deficits in 

male Tat(+) animals which supplements previously established findings showing 

contextual deficits in male Tat(+) mice [71].  This group performed a less intense CR 

during the acquisition test and did not see a change in the CR following extinction.  In 

males, Tat expression in the AMG results in decreased dendritic spine density in the BLA 

but not the CEA [79].  Taken together with previously mentioned depression of sIPSC 

activity in the PFC in male Tat(+) mice [66], one possible explanation for the observed 

deficit is disrupted BLA activity resulting in failure to encode acquisition memories.  As 

decreased frequency of sIPSC is only relevant for the expression of fear memories and 

should in fact enhance fear responses owing to the lower inhibitory tone within the PFC 

[17],  encoding failures must explain the observed deficit.  Interestingly, the Tat(+) females 

did not show an acquisition deficit as they had in the cued acquisition study described in 

Chapter 2; however, the amount of freezing exhibited by this group stayed consistent 

between the two studies.  Instead, it was all of the other groups that showed reduced 
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levels of the CR that accounted for this apparent erasure of cued acquisition deficits in 

Tat(+) females.   As mentioned previously, these studies were performed at the beginning 

of the animals night cycle and as such their corticosterone levels in males were likely 

much lower than in the previous study [104]. Additionally, the environmental stressors 

that existed in the previous study showing female deficits were no longer present [110]. 

Taken together, these subjects were likely experiencing less background stress that may 

have contributed to the less intense CR from all groups.  An additional difference was that 

the acquisition test took place in a different context than the fear was acquired in.  Even 

during cued fear conditioning experiments, the animal is always receiving contextual 

information that will receive some of the associative value of the US [82].  Although sex 

differences in how rodents generalize contextual CRs following acquisition typically 

conclude males generalize fear across contexts more than females [119-121], this pattern 

was not consistent with the current data.    

 The data from the ABA renewal study also reveal a stark extinction deficit in the 

same group of male Tat(+) mice.  This measurement shows us that, relative to the CR at 

the beginning of extinction, the CR for male Tat(+) mice on the last day of extinction 

represents less change in the CR than in other groups.  In males, this finding may be the 

result of the aforementioned decreases in sIPSC frequencies in the PFC [66].  Inhibitory 

activity within the PFC, and specifically the IL is directly responsible for the suppression 

of fear responses within the AMG [12-15, 116].  Thus, less inhibitory tone in the PFC is 

likely the root of the failure of male Tat(+) subjects to extinguish; however interestingly 

previous literature points towards females typically showing greater resistance to 

extinction treatments [122-125].  However, findings from Gruene et al. showed that 
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females actually demonstrate enhanced extinction due to sex differences in fear 

responses [124].  In their study they found that analysis of conditioned freezing obscured 

measurements of female CRs to the CS.  Many, but not all, female rodents exhibit darting 

behavior while many, but not all, male rodents typically show freezing behavior.  While 

clearly we do observe our females freezing, the authors in that study make the point that 

while the freezing measurement extinguishes rather quickly, the darting response could 

remain for much longer [124].  Applied to this study, if we had been equipped to measure 

the speed and frequencies of darts following CS presentations, we may have been able 

to see an extinction deficit in our Tat(+) females as well.  This failure of the current project 

highlights a need for future studies using the Tat transgenic mouse to account for sex 

differences in CR phenotypes.  Furthermore, this phenotypic difference may be an 

important grouping variable for determining specific subpopulations, darters and freezers, 

that might be differentially affected by Tat given the wide variability in freezing observed 

in these experiments. 

 Renewal is a return of the CR brought about by a departure from the extinction 

context.  In the current experiments, we observed neither ABA nor ABC renewal.   As 

mentioned previously, there are strain specific differences in the processing of contextual 

information [98-101, 126].  Inbreeding and transgenic manipulation of mice leave some 

strains with normal acquisition and extinction learning but show a definitive lack of 

sensitivity to the changing contexts.  In our experiment, following the failure to observe 

renewal in the ABA arrangement, the decision was made to test a novel context with an 

extremely salient difference, namely the strong peanut odor previously used as a 

discriminative stimulus in our lab [68].  This alteration was still not enough to enhance the 
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perception of contextual cues for these subjects.  In the Tat transgenic mouse line used 

in these studies, Tat is expressed using astrocytic based Tet-ON system that is temporally 

controlled by doxycycline administration [92].  There are several off-target effects using 

this method.  First, doxycycline is an antibiotic that disrupts the gut microbiome [127].  

The gut microbiome is important for a wide range of neural processes, including fear 

conditioning [128].  Specifically, disruption of the gut microbiome impairs AMG and HPC 

based functions during fear memory consolidation and recall as well as extinction learning 

[128, 129].  There is a need for more literature regarding the specific interaction between 

gut microbiota and context-based fear learning; however, given that HPC plasticity is 

disrupted following gut microbiota disruption, it follows that contextual information 

processing during fear conditioning is likely affected [129].  Secondly, astrocytes 

themselves exert direct influences on the fear conditioning process [130, 131].  

Specifically, with regards to contextual memories, astrocyte activity in the HPC following 

training impairs contextual, but not cued, fear memory recall [130].  Therefore, lack of 

renewal could be explained by alteration of astrocyte function in these animals.  Taken 

together, there is a clear justification to use Tat(-) subjects as control animals in these 

types of experiments, but this justification may also reveal why the transgenic line failed 

to show contextual sensitivities in these experiments.  As such the inclusion of additional 

control groups examining the effects of the Tet-ON machinery independent of Dox 

treatment would be useful.   Furthermore, the Tet-ON system in Tat transgenic mice is 

leaky causing low level astrocyte activation and inflammatory cytokine expression which 

may contribute to deficits independent of induced Tat expression [132]. 
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 In summary, these data revealed an acquisition and extinction deficits in male 

Tat(+) mice, but found no renewal effects in any of our subjects.  The acquisition effects 

seem to be driven by disrupted intra-AMG activity, while the extinction deficits seem to 

stem from depressed sIPSC frequency in the PFC.  The lack of renewal effect observed 

in these studies may call into question the appropriateness of this mouse model for 

renewal experiments.  Further research using wild-type, or transgenic subjects without 

Dox treatment as control groups are needed to determine if the lack of renewal effect is 

due to strain specific features or Dox treatment.  
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CHAPTER 4: REINSTATEMENT 

Reinstatement is a form of relapse that involves presenting the US alone following 

extinction.  Notably in this arrangement, the CS is never presented during the 

reinstatement treatment, and as such the subsequent return of conditioned responding is 

due solely to the presentation of the US and not due to a strengthening of the CSUS 

relationship [1, 21].  Furthermore, while there are contextual effects with reinstatement 

when you depart from the reinstatement context, there are no such effects when the 

context is kept consistent throughout the experiment [1].  As such a study of reinstatement 

would look at an HPC independent form of relapse. 

4.1 Reinstatement Circuitry 

 Regrettably, aversive conditioning reinstatement circuitry is not well studied at this 

time.  Appetitive conditioning and reinstatement of drug seeking operant behaviors are 

more well understood; however these procedures engage reward, feeding, and 

motivation pathways that are not implicated in fear conditioning circuitry [7, 11].There is 

a great need for more research to be done investigating the exact mechanisms within 

these pathways for the reinstatement of conditioned fear.  Nonetheless, the current 

understanding of reinstatement circuitry, as summarized in Figure 7, involves the AMG, 

IL, and ventral tegmental area (VTA).
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 The involvement of the AMG in reinstatement is thought to be primarily as it was 

in acquisition [9].   As previously stated, CS and US inputs converge in the BLA [16], the 

information is then projected to the CEA [89] where GABAergic neurons work on a system 

of disinhibition or feed outputs to motor control regions [17].  Notably, the projections from 

the BLA to the CEA are under the effects of neuromodulation from tightly packed inhibitory 

interneurons being innervated by the HPC and PFC [89].  During extinction, the IL 

innervates the inhibitory interneurons to gate the passage of information from the BLA to 

the CEA to prevent the production of a freezing response [12-15, 18].  It is thought that 

reinstatement involves a weakening of the IL’s ability to innervate the inhibitory 

interneurons in the AMG [9].  In their study, Nomura and colleagues used c-Fos 

expression and electrophysiology to record activity in the IL following reinstatement 

treatment.  From their results, subject who received a reinstatement treatment showed 

lower IL c-Fos expression, indicating reduced activity, compared to subjects who did not 

receive the reinstatement treatment.  Consequently, researchers also noted increased c-

Fos expression in the CEA of reinstated subjects compared to controls.  This data was 

supported by electrophysiology data showing decreased miniature excitatory 

postsynaptic currents in the IL of subjects who received the reinstatement treatment 

compared to controls.  From their understanding of dopamine dynamics in the PFC, this 

group of researchers hypothesized that dopamine type 1 (D1) signaling in the IL was the 

cause of reduced activity following reinstatement.  They proposed that dopaminergic IL 

projecting VTA neurons were the source of this dopamine.  In their experiment 

researchers used D1 receptor antagonists in the IL and PL to determine that halting 

dopaminergic activity specifically in the IL abolishes the reinstatement effect.  Insights 
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from drug addiction literature reveal strong dopaminergic innervations of the PFC from 

the VTA are critical is producing flexible behaviors associated with transitioning drug 

states during addiction [8]. While the question, “why is the VTA involved” in associative 

learning requires further study, we know two relevant pieces of information about the VTA.   

First, the VTA codes for reward prediction errors [133].  A reward prediction error occurs 

when the actual value of a reward differs from the predicted value of a reward that has 

been signaled by some preceding cues.  Applied to this circumstance, perhaps the role 

of the VTA in reinstatement is to code for the error between perceived safety from the US 

based on extinction training and the shock of getting the US during the reinstatement 

treatment.  Perhaps this prediction error is extreme enough to suppress IL activity leading 

to the reinstatement effect.  Secondly, the VTA receives inputs from the lateral habenula, 

and that VTA neurons which receive these inputs predominately project to the PFC [10].  

In turn, the lateral habenula has been implicated in guiding fear and anxiety behaviors 

and have been shown to be activated in response to aversive stimuli [134].  Taken 

together, perhaps a pathway for reinstatement relies on the US exciting lateral habenula 

neurons projecting to the VTA which resolves the prediction error by inhibiting activity of 

the IL to prevent the inhibition of BLACEA activity.  In other words, for our current 

project, inactivity in the IL results in reinstatement.   

4.2 Current Project 

Given that IL suppression plays a critical role producing the reinstatement effect, 

and disruption/failure of IL suppression prevents the reinstatement effect, it follows that 

in cases where the IL is already failing to inhibit fear response during extinction that 

reinstatement should not be affected [9].  As such Tat-induced deficits in IL excitation 
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should not prevent the reinstatement effect from occurring [64, 66]. In the current 

project, we therefore hypothesized that Tat would not affect modulations of IL activity 

during reinstatement and as such we should observe unaffected reinstatement effects in 

our Tat transgenic mice.  Rather than revealing a deficit, this experiment served to 

demonstrate that any renewal deficits are not due to a failure to recall the acquisition 

memories following extinction as reinstatement to the CS should only occur if the 

acquisition memory remains intact. 

4.3 Subjects 

Subjects were used as previously described in section 2.3.  In this experiment, 

there were 8 subjects per group. 

4.4 Apparatus 

These experiments used the same apparatus as previously described in section 

2.4.  All training and testing sessions took place in the Context A arrangement (darkened 

chamber) described in section 3.5. 

4.5 Procedure 

 Acquisition and extinction proceeded as previously described in sections 2.5 and 

3.6 respectively.  Following the final day of extinction, a reinstatement treatment was 

provided in which a single unsignaled presentation of the US occurred following a 3 min 

habituation period.  The next day, testing occurred by presenting the CS in the absence 

of the US after 3 min. 
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4.6 Statistical Analysis 

 Statistical analysis proceeded as previously described in sections 2.6 and 3.7. 

4.7 Results 

 Reinstatement is a procedure where the subjects are reintroduced to the US 

following extinction.  As previously mentioned, reinstatement is a largely HPC 

independent process; thus, we hypothesized that the Tat protein would largely leave this 

process undisturbed owing to the extensive research showing hippocampal deficits 

associated with the presence of Tat.  Unlike the renewal experiments, this experiment did 

not alter the context and used the “Context A” arrangement previously mentioned for 

every phase.  Acquisition and extinction proceeded as previously described (n = 8/group); 

however, 24 h following the final day of extinction, subjects received a reinstatement 

treatment before proceeding to testing 24 h following this treatment.  As discussed 

previously, reinstatement involves unsignaled US presentations and as such any relapse 

in the CR is not due to new learning about the CSUS association.  The data for this 

experiment is summarized in Figure 8. 

Much like the ABC Renewal experiment, all subjects demonstrated normal 

acquisition and extinction, although there were no significant differences between any of 

our groups (all p’s > .05).  The reinstatement treatment was a success and resulted in a 

return of the conditioned response; however, there were no significant differences 

between any of our groups, p > .05.  Taken together this experiment results in two 

meaningful conclusions.  First, the Tat protein does not seem to affect reinstatement.  

Second, the Tat transgenic line is capable of remembering even single associations after 
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ten days.  Taken together, we can draw the conclusions that since the Tat transgenic 

mouse is capable of relapse over moderate delays, but did not show relapse effects, then 

the machinery for context independent forms of relapse are largely intact while the 

machinery for contextual processing in the Tat transgenic mouse (both Tat(+) and Tat(-)) 

is impaired. 

4.8 Discussion 

 The reinstatement experiment was designed to test relapse in the CR following 

extinction in a way that is largely independent of the HPC.  In contrast to the renewal 

studies, which heavily depend on the HPC, these data show a robust reinstatement effect 

following extinction that is consistent with previous literature’s findings on how Tat affects 

structures within the reinstatement circuitry.  Reinstatement occurs due to suppression of 

IL inhibition of the BLACEA pathway [12-15, 18].  Previous work from our lab has shown 

inhibitory signalling is disrupted within the PFC [64, 66].  Additionally this work shows that 

the disrupted GABAergic activity in the PFC has behavioral consequences where Tat(+) 

mice showed poorer inhibitory control over operant behaviors [64].  In the current study, 

this disruption of GABAergic activity in the IL would account for the reinstatement effect 

observed; however, another explanation that would also produce the reinstatement effect 

is that everything was functioning as intended.  If one were to entertain that IL GABAergic 

activity was disrupted, then this begs the question, why wasn’t extinction affected?  HAND 

is a slow moving, progressive, neurodegenerative disorder that often affects individuals 

in very subtle ways [27].   The length of induced Tat expression prior to testing affects the 

severity of observed deficits [92, 135].  In the current study, Tat expression was only 

induced for 2 weeks prior to the beginning of the experiment and as such may have not 
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had time to fully disrupt IL functioning to the point where extinction was affected.  

Concurrently, it would follow that salient even such as the reinstatement treatment would 

be proximal and intense enough to trigger VTA supression of IL function for the 

reinstatement test [9]. 

 Indeed this experiment was not designed to answer such questions, instead this 

experiment served as confirmation that long-term memory of acqusition was not disrupted 

over the course of the experiment and as such relapse is possible in the Tat transgenic 

mouse.  If the subject was unable to recall the acqusition memory following extinction as 

a result of Tat expression, then this would have obscured conclusions about the lack of 

renewal effect in those animals.  As it stands, renewal did not occur for any of our subjects 

and from this study we can conclude that the lack of renewal was not due to a lack of 

recall about the CSUS association.   
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CHAPTER 5: GENERAL DISCUSSION 

 This series of experiments were designed to test behavioral deficits in the HIV-1 

Tat transgenic mouse model of HAND as a way to index specific failures with associative 

learning.  Using fear conditioning methodology, this series of experiments investigated 

acquisition, extinction, and relapse deficits.  In two of the five studies examining 

acquisition, there were clear deficits of the female Tat transgenic mice in one experiment, 

and of the male Tat transgenic mice in another.  While these individual results were not 

consistent throughout the series, the discussions for these individual cases highlight 

potential environmental causes that may have aided with the detection of these 

differences.  Indeed within the literature as well, the usage of the Tat transgenic mouse 

model has seemingly produced contradictory behavioral results between individual 

studies (i.e. [71, 72] or [130, 136, 137]).  It appears that the detection of behavioral deficits 

is dependent on a number of different factors, including level of Tat expression, sex-

dependent CR phenotypes, and type of task chosen.  Chiefly among these factors is both 

the length and method of inducing Tat expression in transgenic mice.  While subjects in 

this study were fed Dox infused chow to activate the Tet-ON system, another method of 

inducing Tat is through acute injections [138].  One previous experiment that focused on 

induction method and length of Tat expression found that subjects receiving injections of 

Dox showed greater hippocampal related deficits than subjects that had been induced via 

Dox infused chow when length of induction remained constant [138].  Additionally, as one 

may expect, using either induction method over a prolonged period of time revealed 
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deficits that were not found during shorter periods of induction [138].  Likewise, similar 

studies that controlled for both dose and duration dependent effects of Dox injections 

found similar result in that hippocampal related behavioral deficits only appeared for 

higher doses of Dox [139].  Furthermore, these researchers found that lower levels of Dox 

administration (100mg/kg for 14 days) produced transient increases in anxiety behaviors 

with a high degree of variability within groups while a slightly higher dose (125mg/kg of 

Dox for 7 days) produced consistent elevated anxiety [139].  Of note, the dosage used in 

the current experiments was a low dose 6 mg/g Dox infused in chow for 14 days prior to 

and during the experiments which may explain our own transient findings.  While this may 

at first glance seem like a weakness of the current experiments, it is in fact a more 

ecologically valid method for inducing Tat expression that mirrors the more gradual, but 

progressive, neurodegeneration seen in HIV infected humans [25-28, 92].  In humans the 

degree of neurocognitive impairments are directly correlated to the success of cART 

therapies and as such a large proportion of the HIV infected population never proceed 

past the ANI stage of HAND progression [27].  In this experiment, it is possible that 

individual subjects were differentially impacted by the low dose Dox administration and 

thus were not impaired to the level one would need to observe stark deficits in associative 

learning.  Perhaps lengthening the period of Dox treatment may reveal deficits that had 

not yet fully manifested. 

 An interesting manipulation to the current methodology would be the addition of 

groups with longer periods of Dox treatment.  We know that the intensity of certain deficits 

are dependent on the length of Tat expression prior to testing [92, 135] and as such one 

would expect greater deficits for longer periods of Dox treatments.  Given that fear 
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conditioning research is extremely vulnerable to environmental confounds (i.e [104, 110]), 

it would be prudent not to start all of the animals simultaneously on Dox treatment.  For 

instance, if subjects were meant to be tested after 2, 4, and 6 weeks of treatment, then it 

would be unwise to test all of the 2-week animals together.  Then all the 4-week animals.  

Then all the 6-week animals.  Suppose something happened during the week 6 test that 

did not occur during the week 2 test?  Instead all subjects require staggered start times 

so that on any given test day all groups are represented.  This design could be 

implemented fairly straightforwardly in future experiments if one were so inclined. To 

address this issue, further studies could also employ a single subject design in which 

each subject serves as a replication of previous subjects rather than an aggregated group 

[140]. 

A single subject dosing would allow a more focused look at how individual subject 

differences in Tat expression, immune responses, dendritic morphology, etc. may 

contribute to behavioral deficits.  Additionally it allows better control of error variance in 

behavioral data due to environmental factors [141].  Note that in aggregated group 

designs for fear conditioning, confounding variables are accounted for by testing all 

subjects under the same conditions at the same time.  Thus, any confounding variable 

affects all groups equally.  This method is extremely robust for examining results within a 

study, but significantly weakens comparisons between experiments.  For instance, the 

individual discussions within this document describe cases where changes in time of day, 

housing conditions, and other environmental variables may have altered the pattern of 

deficits observed in the subjects between studies.   One major weakness of the single 

subject design approach would be it’s typical use for detection of clinically relevant effects 
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on behavioral data  [141].  For a subtle disorder like HAND, this design may lack the 

power to observe the small effect size of Tat induced deficits [27].  Beyond using different 

experimental designs, it may be useful to group subjects not by their genetic background, 

but by their levels of Tat expression.  In other words, group animals as no, low, or high 

levels of Tat expression and correlate these data with the observed deficits.  While it may 

seem an obvious grouping, a method for the accurate and reliable quantification of CNS 

Tat protein remains elusive due to poor sensitivity of antibody and lipid-based 

methodology. 

As evident in the current series of experiments, sex is an important factor for the 

observed deficits.  In the present series of experiments, males and females showed 

acquisition deficits, though never at the same time, and only males showed a transient 

extinction deficit concurrent with an acquisition deficit.  Within the fear conditioning 

literature, there are sex differences in phenotypic fear responses [142, 143].  Depending 

on the type of stimuli presented, rodents engage in both active and passive fear 

responses dubbed “darting” and “freezing” [142].  Before the inclusion of female subjects 

in behavioral research, darting was thought to be burst of locomotor activity thought to be 

brought about by imminent contact with a predator; meanwhile, a freezing response is a 

suppression of behavior brought about by the threat or proximity of a predator [144].  In 

other words, darting occurs to the US while freezing occurs to the CS; however, 

depending on the arrangement of stimuli in an experiment this may not always be the 

case [142, 145].  Instead, some subjects, typically but not always females, display 

freezing behaviors to the initial CS presentation, but transition to darting behavior near 

the tail end of a stimulus [142, 145].  Additionally in higher order conditioning studies, 
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freezing occurs to stimuli temporally distant from the US, while more proximate stimuli 

show more darting behaviors in primarily female mice [145]; although some more recent 

data indicate stimulus salience, rather than temporal proximity to the US, is the factor 

which governs active or passive responses [146].  Moreover, while previously categorized 

as a post encounter defense related more to panic than a CR [147], these active CR’s 

acquire and extinguish the same as passive CRs [142, 143, 145].  Importantly, active and 

passive fear responses are the result of a competitive inhibitory process within the CEA 

[145].  In other words, the selection of an active fear response is mutually exclusive with 

a passive response, and once a subject has selected an active or passive phenotype, it 

will stick with that response for the entire experiment [142, 143, 145].  With regards to the 

current series of experiments, by only using one method for detecting fear, it is possible 

we have ignored an important manifestation of the CR, especially in our female subjects.  

To account for this, future experiments would need to use a different method to assess 

fear. 

Perhaps the easiest alteration to the current methodology would be to simply use 

locomotor activity as a measurement of darting [142].  Locomotor activity during the CS 

would serve as a grouping variable to separate the two phenotypes.  Another method 

uses the looming predator task which has gained recent popularity and is sensitive to 

topographic variations in the CR [148].  This task uses video screens affixed to the roof 

of an open chamber with a small escape tent-like structure situated in one of the corners.  

The video screen animates a black circle in either a sweeping pattern, which moves the 

circle back and forth across the screen, or a swooping pattern, which moves the circle to 

the center then rapidly enlarges it.  In the case of the swooping stimulus, there is a near 
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total activation of active fear responses, while the sweeping stimulus predominantly 

activates passive fear responses (the proportion of which can be altered further by sweep 

speed) [148].  Thus, depending on the stimulus used, one could independently elicit and 

manipulate active and passive fear responses.  As an extra bonus, these stimuli are 

aversive US’s that completely minimize the pain to the subject.  This task is however, not 

without its weaknesses.  Current efforts to pair NS with the visual US have not been fruitful 

[149].  Ideally, since the interest of these experiments is in associative learning, it would 

be best to use a task the induces learning in our subjects and while one study cites 

acquisition failures, more experiments are needed to determine whether subjects can 

learn in the looming predator task.  As there have not been any studies showing 

successful acquisition yet, no one has tried extinction using these methods.  Critical to 

extinction is experiencing the CS in the absence of the US.  Depending on the CS chosen, 

this apparatus allows the subject to escape from the testing area into the small tent 

structure.  If for instance a visual stimulus was chosen, then there is a possibility for the 

animal to simply avoid the stimulus and consequently avoid extinction.  Would failure to 

extinguish indicate deficits or an extremely effective coping strategy?  One solution would 

be to block the escape route, but would this modify darting behaviors?  On a related note, 

one requirement of this task is that the subject actually move underneath the screen to 

trigger the US and ensure detection from the subject [148].  Thus, in a sense, the US also 

as a conditioned punisher that lowers the probability of the mouse venturing to the center 

of the field.  So again, if subjects have a route to escape, they may instead exhibit a 

learned avoidance response as seen in predator odor experiments [150, 151].  From a 

data analysis perspective, would any deficits regarding acquisition and extinction simply 
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be a finely tuned avoidance response?  From a methodological perspective, would the 

variations in chamber habituation lengths due to variability in mouse ambulation alter 

contextual effects such as renewal or contextual fear conditioning?  The procedure would 

also poorly control for environmental confounds associated with variability in US timing.  

Despite these weaknesses, if methodology for establishing a learned association using 

this task is established, the looming predator task would be an excellent way to parse 

freezers and darters and categorize Tat’s effects on these two competing CRs. 

5.2 Future Studies 

 The transient acquisition and extinction deficits observed in the current project 

reveal dysfunction within intra-AMG circuitry as well as connections between the IL of the 

PFC.  As a reminder, the acquisition circuit is primarily localized in the AMG. CEA 

projecting BLA neurons integrate sensory information about the CS and US [16, 17].  In 

the CEA, tightly interwoven excitatory and inhibitory neurons engage in a competitive 

process which results in the production of the CR [17, 84-87].  Reciprocal AMG to PFC, 

PFC to HPC, and HPC to AMG connections code for contextual information important for 

acquisition and synchronize firing between trial relevant neuron subpopulations in the 

HPC and AMG [17, 19, 20].  As a result of exitncion, the IL inihibits activity within the CEA 

to prevent the expression of the CR [12-15, 18].   The success of extinction treatments is 

directly dependent on the inhibitory tone of the IL at retreival [18].  The current series of 

experiments saw cued, but not contextual, fear conditioning deficits indicating that the 

AMG is affected by Tat expression.  Additionally the renewal effect was not observed in 

any subjects.  As such, future experiments down this line should primarily seek to 

investigate the specific effects Tat has on the AMG and PFC. 
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 Given that the expression of the CR is a competitive process between inhibitory 

and excitatory neuronal populations, investgating whether the balance between inhibitory 

and excitatory synaptic proteins are disregulated may provide clues to the effects of Tat 

on this system.  One change that has been attributed to the deficits observed in the 

acquisition one trial contextual fear conditioning is disruptions to the balance of inhibitory 

and excitatory synapses [71]. Within the HPC previous data shows decreases in the 

inhibitory presynaptic protein Synaptotagmin 2 (Syt2) and increases in the postsynaptic 

inhibitory protein Gephyrin [71, 152]. Furthermore, in vitro data have shown the excitatory 

postsynaptic protein PSD-95 to be disrupted by Tat [152, 153], while in vivo data have 

shown this protein to be unaffected [71, 154]. Within the PFC, Tat has also been shown 

to disrupt inhibitory synapses by decreasing both Syt2 and Gephyrin while simultaneously 

increasing Gad67 [153].  The disruptions to inhibitory circuitry either by upregulating or 

downregulating the amount of GABAergic connections in these different regions carry 

behavioral significance and warrant further investigation; however, there has been no 

analysis to date of Tat’s effects on excitatory and inhibitory synaptic protein expression in 

the AMG. Importantly, disruptions to the balance of inhibitory and excitatory synapses 

have been shown to have behavioral consequences for behaviors associated with these 

structures [71, 153, 154]. To investigate synaptic integrity and balance in all these 

regions, western blot protein analyses investigating Tat’s effects on excitatory presynaptic 

proteins Synaptotagmin 1 (Syt1) and Postsynaptic density 95 (PSD-95), as well as 

excitatory postsynaptic proteins GAD 67, GluR1, and NMDAR2A could be employed. 

Additionally the analysis could look at Tat’s effects on inhibitory presynaptic protein Syt2 

and postsynaptic proteins Gephryin and Gamma-aminobutyric acid receptor subunit 
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alpha-1 (GABAAR α1). Some of these proteins, such as Gephryin, PSD-95, Syt2, and 

Glutamic acid decarboxylase 67 (GAD 67), have been found to be altered during the 

course of Tat expression [71, 153, 154] and have been attributed to deficits in behaviors 

associated with structures where these alterations have been found.   Observing the 

impact of the HIV-1 Tat protein on these proteins will give insight into where and how Tat 

exerts its effects. 

 Tat is also known to affect the dendritic morphology of affected neurons, and the 

severity of synaptic disruption and dendritic injury is correlated with the severity of 

expressed symptoms of HAND [41, 42].  As such, another experiment could look at 

changes to neuron structure.  One structural change Tat has on neurons is reduction in 

dendritic spine densities which lead to behaviorally significant outcomes [155-157].  

Future studies could pair Golgi staining with behavioral data to investigate the impact 

changes to dendritic spine density within the AMG and PFC have on acquisition and 

extinction [158].  While this method would not be specific to a particular cell type, the use 

of green fluorescent protein (GFP) attached to PSD-95 and Gephryin promoters could 

target the structure of specific types of synapses and investigate whether they are being 

differentially affected by Tat expression [159, 160].  PSD-95 in particular has been shown 

to be a key regulator for determining the ratio of excitatory and inhibitory synapses [161].  

One limitation of this approach would be the historical lack of dendritic spines on most 

inhibitory interneuron populations [162]; however, recent advances in electron 

microscopy have shown evidence for spines on disinhibitory interneuron populations 

implicated in associative learning [163].  Additionally, it has been found that spines on 

these interneurons are extremely dynamic and typically have shorter lives than spines on 
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pyramidal neurons [163].  Therefore, given the critical role these neuron populations have 

on gating CR’s within the AMG, this limitation would need to be supplemented by 

additional methodology [89].   

 In keeping with the theme of inhibitory and excitatory synapse balance, the function 

of these synapses is also affected by Tat [64, 164].  In addition to examining the structural 

changes caused by Tat future studies could examine changes to miniature and 

spontaneous, excitatory and inhibitory, post synaptic currents (EPSC and IPSC 

respectively).  There are region specific changes in neuronal excitability as a result of Tat 

[165].  In the PFC, previous research has shown that EPSC frequencies are increased 

following Tat expression, while IPSC frequencies are reduced leading to an overall 

increase in the excitability of PFC neurons [64, 164, 165].  In contrast in the HPC, the 

effects of Tat tend to lean toward increasing the inhibitory tone [165, 166].  While the HPC 

and PFC have been extensively studied, the functional changes to the AMG have 

received far less attention.  Given the increased excitability of the PFC under Tat 

expression, it stands to reason that any disruptions to extinction are likely due to a failure 

of the IL to send inhibitory signals to the interneurons governing BLA and CEA 

connections.  As such the ability to correlate observed deficits with overall excitability of 

the PFC would draw direct connections between Tat’s effects and observed behavioral 

deficits.  Additionally, any data looking at electrophysiological changes due to Tat 

expression would be as novel as they are informative. 
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5.3 Conclusion 

  The current series of experiment found transient deficits in acquisition and 

extinction in the Tat transgenic mice.  These findings were sex dependent with males and 

females independently showing acquisition deficits while only male Tat(+) animals 

displayed extinction deficits. These findings offer a strong foundation for further research 

into the biological factors underlying Tat’s damage to the system as well as warrant a 

closer look at comparisons for length of Tat expression.  Furthermore, these experiments 

saw no renewal effect in any subjects, possibly due strain specific insensitivity to 

contextual information, but did see reinstatement effects indicating lack of renewal was 

not due to failure to recall the CSUS association. While the lack of renewal in control 

subjects was unfortunate, further research into specific changes the Tat Tet-ON system 

makes to transgenic animals could implicate important proteins to renewal circuitry. 
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Figure 1. Acquisition Diagram.  This diagram summarizes the circuitry within 
acquisition, notably black lines indicate a net excitation while red lines indicate a net 
inhibition.  The thickness of the lines corresponds to the overall level of innervation 
occurring between regions.  Acquisition is largely considered an intra-AMG process in 
which communication between the BLA and CEA of the AMG determine the intensity of 
CR [16].  Within the BLA converging CS and US information innervate glutamatergic 
neurons which project to the CEA where tightly woven excitatory neurons and inhibitory 
neurons within these regions participate in a competitive process.  Freezing, our 
measurement of fear, occurs when the result of this competition favors excitation in the 
CEA which results in inhibition of the PAG [13, 17, 18].  The AMG is subject to influences 
from the HPC, which provides contextual information, and the PFC which helps gate the 
connection between the BLA and CEA [4, 6, 19].  While this diagram represents cued 
fear conditioning, in a contextual fear conditioning study the CS information converging 
in the BLA would be fed forward by the HPC and thus the connection between the HPC 
and BLA would see greater activity [20]. 
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Figure 2. Shock Titration and Acquisition 
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Figure 2. Shock Titration and Acquisition: Taken together this data demonstrates a 

clear acquisition deficit in Tat(+) female mice undergoing single trial cued fear 

conditioning and a lack of support for contextual fear conditioning deficits in Tat 

transgenic mice.  (A) Subjects were exposed to either four .4 mA shocks on one day, 

two .4 mA shocks on two days, two .6 mA shocks on one day, or two .8mA shocks on 

one day. This data shows the .4 mA shock presented 4 times on one day was effective 

for conditioning a fear response while minimizing distress to the subjects. (B) Using the 

.4 mA US presented 4 times on a single day, subjects underwent a contextual freezing 

paradigm in which the context served as the CS.  Freezing behavior was measured 24 

h following acquisition across the entire 5 min session and no significant differences 

were found between any of the groups (all p > .05).  (C/D) In a separate study, subjects 

underwent a contextual freezing paradigm which used a single, more intense (.7 mA) 

US.  As before, there were no significant differences in total amount of freezing between 

any of our groups.  (E/F) Subjects underwent a cued fear conditioning paradigm which 

paired a 60 s 2000 Hz tone CS with a single .7 mA US.  There was a main effect of sex 

on freezing behavior during the CS, p = .007. *: Bonferroni post hoc tests revealed that 

female Tat(+) animals exhibited significantly less freezing female Tat(+) mice froze less 

(M = .389, SEM = .161) than male Tat(+) mice (M = .798, SEM = .048), p = .029, and 

male Tat(-) mice (M = .767,SEM = .083), p = .021.  These results indicated that when 

presented with a single presentation of the US, Tat(+) female mice froze significantly 

less than any other group (*) indicated a failure to encode fear memories associated 

with the 60 s cue. mA = milliamps 
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Figure 3. Extinction Diagram.  This diagram summarizes the circuitry within extinction.  

The diagram is organized as previously described in Figure 1.  Extinction is largely 

thought to be under the control of IL activity within the PFC. [15].  The IL contains 

predominately GABAergic neurons which innervate inhibitory interneurons gating the 

BLACEA pathway active during acquisition [12-14].  This results in a failure to disinhibit 

these connective pathways which halts the inhibition of the PAG thus preventing the 

freezing response [15].  Importantly, this activity does not erase the innervation of the 

CEA from the BLA seen in acquisition, but rather interferes with this process [21].  

Extinction is highly context specific, and as such the role of the HPC in conveying 

contextual information is much more active [5, 6, 22, 23].  Despite the critical role the HPC 

plays, it is not completely necessary during the extinction process [23, 24].  Reciprocal 

connections between the IL, HPC, and AMG help to synchronize firing of neurons within 

this circuit under appropriate stimulus conditions [22]. 
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Figure 4. Renewal Diagram.  This diagram summarizes the circuitry within renewal.  

The diagram is organized as previously described in Figure 1. Direct and indirect 

connections between the HPC and the AMG underlie the renewal effect [1-6]. The direct 

pathway takes contextual information form the HPC to the BLA.  When the direct 

connection between the HPC and AMG is disrupted, the renewal effect is lost; however, 

this pathway sees far less activity during renewal than the indirect pathway [3, 4].  A 

second pathway routes contextual information from the HPC to the PL of the PFC.  

From there the PFC innervates the BLA of the AMG to produce the freezing effect as 

previously described [3, 4, 6].  Inactivation of this pathway also prevents the renewal 

effect from occurring [3, 4, 6].  It’s thought that the PL synchronizes firing between the 

HPC and AMG neurons resulting in the relapse of conditioned responding [6]. 
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Figure 5. ABA Renewal: Male Tat(+) subjects show transient acquisition and 

extinction deficits while no subjects show renewal. (A) Fear was acquired using 

the cued fear acquisition paradigm previously described in context A before 

undergoing 7 days of extinction training in context B in which the 60 s CS was 

presented in the absence of the US.  After cessation of extinction training, 

subjects were returned to the original acquisition context and presented with 

CS in the absence of the US.  (B) Data shown is from the first day of acquisition 

(Day 1), the first day of extinction (Day 2), the final day of extinction (Day 8), 

and the renewal test (Day 9).  Acquisition deficits are determined based on Day 

2 data, while extinction deficits are determined based on the difference within 

group between Days 2 and 8.  Likewise, renewal effects are determined by the 

differences within group between Days 8 and 9.  There was a main effect of 

genotype on acquisition learning p = .038, and extinction learning, p = .045. 

There were no significant main effects for the renewal test, p > .05.  Despite the 

lack of significance in the Bonferroni post hoc tests, these results show that Tat 

expression results in both acquisition and extinction deficits. 
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Figure 6. ABC Renewal:  All subjects show typical acquisition and extinction but fail 
to show renewal effects even when the testing context is made more salient. (A) Fear 
acquisition and extinction proceeded the same as previously described.  For the 
renewal test, subjects were moved to a novel context consisting of a unique olfactory 
stimulus and presented with CS in the absence of the US. (B)  Data is presented in the 
same manner as in Figure 5.  There were no significant differences between any 
groups (all p > .05).  Taken together with data from Figure 5, these two data sets 
demonstrate a lack of contextual sensitivities during fear conditioning procedures 
independent of Tat expression. 
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Figure 7. Reinstatement Diagram.  This diagram summarizes the circuitry within 
renewal.  The diagram is organized as previously described in Figure 1.  There is a 
need for far more research into the circuitry for reinstatement of fear memories; 
however, current understanding of reinstatement points towards disruption of IL 
inhibition of intra-AMG circuitry as the key player in this form of relapse [7-11].  The 
performance of the CR following reinstatement is due to competing inhibitory and 
disinhibitory processes in the AMG [9-11].  In extinction, increased IL activity is 
responsible for inhibiting activities in the AMG thus halting freezing [12-14].  Studies of 
fear reinstatement show DECREASED c-Fos dependent activity in the IL for groups that 
receive reinstatement treatments [9]. Additionally, Reinstatement treatment results in 
reduced mEPSC frequency, a pattern similar to groups that did not receive extinction 
[11].  One proposed mechanism the VTA dopaminergic activity is depressing the IL, 
although there is a need for further research as to the exact mechanisms [9]. 
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Figure 8. Reinstatement: All subjects show typical acquisition, extinction and 
reinstatement effects. (A) Acquisition and extinction proceeded as previously 
described in Figure 5.  On Day 9, subjects underwent reinstatement treatment in which 
the US is presented independent of and CSs.  Notably this does not represent 
reacquisition (CSUS), but is instead a relapse in CR solely due to the unsignaled US 
presentation.  On Day 10, subjects underwent testing in which the CS was presented 
independent of the US. (B) Data from these experiments show normal acquisition, 
extinction, and reinstatement (all p > .05), confirming the hypothesis that reinstatement 
would be unaffected by Tat.  Further, this data shows that the failure to show relapse 
in the renewal experiments was not due to a failure to recall acquisition memories 
following extinction.  On Day 10, the increase in CR intensity to the CS would not be 
possible if the subjects did not maintain acquisition memories (CSUS). 
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